The ability to generate induced pluripotent stem (iPS) cells from a patient's somatic cells has provided a foundation for organ regeneration without the need for immune suppression. However, it has not been established that the differentiated progeny of iPS cells can effectively reverse failure of a vital organ. Here, we examined whether iPS cell-derived hepatocytes have both the functional and proliferative capabilities needed for liver regeneration in mice with fumarylacetoacetate hydrolase deficiency. To avoid biases resulting from random genomic integration, we used iPS cells generated without viruses. To exclude compensation by hepatocytes not derived from iPS cells, we generated chimeric mice in which all hepatocytes were iPS cell derived. In vivo analyses showed that iPS cells were intrinsically able to differentiate into fully mature hepatocytes that provided full liver function. The iPS cell-derived hepatocytes also replicated the unique proliferative capabilities of normal hepatocytes and were able to regenerate the liver after transplantation and two-thirds partial hepatectomy. Thus, our results establish the feasibility of using iPS cells generated in a clinically acceptable fashion for rapid and stable liver regeneration.
Introduction
The discovery that overexpression of a few transcription factors suffices to reprogram somatic cells to pluripotency has paved the way for organ regeneration with autologous cells not requir ing immune suppression (1) . Further progress toward the clinic was recently made by generating induced pluripotent stem (iPS) cells free of viral vector and transgene sequences, a process which prevents potential hazards from mutagenesis or persistent plu ripotent gene expression (2) . The first evidence for the therapeutic potential of iPS cells has come from studies of the effects of iPS cell-derived hematopoietic cells, neurons, or endothelial cells in animal models of human diseases (3) (4) (5) . However, whether the dif ferentiated progeny of iPS cells are capable of regenerating a fail ing vital organ remains to be determined.
The liver is a vital organ that represents a promising target for cell therapy, because of its ability to functionally integrate transplanted hepatocytes. Pioneering trials in patients and studies in animal models have revealed that successful liver regeneration requires that transplanted cells have both the complex functional and unique pro liferative capabilities of fully differentiated hepatocytes (6, 7) . Other wise, replacing approximately 20% or 1 × 10 10 of the hepatocytes in the liver, as is required for restoration of liver function in most human liver diseases, can neither be achieved nor sustained (8) .
It has recently been shown, using tetraploid embryo complemen tation, that iPS cells can develop into all cell types in mice (9) (10) (11) . However, it is unknown whether iPS cell-derived hepatocytes have the same functional output as normal adult hepatocytes and share their ability to respond to injury by rapidly entering the cell cycle and proliferating extensively. In fact, recent reports have challenged the therapeutic potential of iPS cells by showing that they differen tiate and proliferate less efficiently than ES cells (12, 13) .
Here, we aimed at defining the effectiveness of iPS cells in organ regeneration by investigating the functional and prolifera tive capabilities of iPS cell-derived hepatocytes. To exclude biases due to viral genomic integration or persistent pluripotent gene expression, we used iPS cells free of foreign DNA (14) . Instead of tetraploid embryo complementation, which is inefficient and has yet to be achieved with iPS cells free of foreign DNA, we used blas tocysts deficient in fumarylacetoacetate hydrolase (FAH) to gen erate chimeric mice in which progressive liver repopulation with iPS cell-derived hepatocytes could be induced postnatally. Since the entire liver was composed of iPS cell-derived hepatocytes by the time the mice reached adulthood, we were able to analyze the level of liver function and the efficacy of liver regeneration afforded by differentiated iPS cell-derived hepatocytes in the absence of compensation by non-iPS cell-derived hepatocytes.
ing enzyme expressed specifically in hepatocytes in the liver, causes the liver disease tyrosinemia type I. Unless treated with the drug 2(2nitro4fluoromethylbenzoyl)1,3cyclohexanedione (NTBC), many humans and all mice lacking FAH develop severe hepatocyte damage and die from liver failure in the neonatal period (15 (7) . However, only cells that have the same functional and proliferative capabilities as normal adult hepatocytes are effective in liver repopulation. Cells that exhibit incomplete differentiation and impaired proliferation, a prominent example being hepatocytelike cells generated from ES cells with current in vitro differentiation proto cols, fail to restore liver function in FAHdeficient mice or similar liver repopulation models (16) (17) (18) .
To definitely determine the regenerative capabilities of iPS cell-derived hepatocytes, we decided to subject these cells to the rigorous testing of hepatocyte function and proliferation afforded by the FAHdeficient liver, while avoiding the limitations of current in vitro differentiation protocols. To achieve this, we generated chimeric mice by injection of iPS cells into blastocysts obtained from FAH deficient mice. As an example of iPS cells free of foreign DNA, we used the iPS cell line 440A3 that was generated by repeated transfection of mouse embryonic fibroblasts with plasmids expressing Oct4, Sox2, Klf4, and c-Myc (14) . To obtain neonates with a stochastic contribution of iPS cells to all tissues, we matched the mouse strain back ground of the iPS cells and the blastocysts. Moreover, we treated the foster mothers carrying the iPS cell-injected blastocysts with NTBC to prevent damage to FAHdefi cient hepatocytes and maintain the stochastic liver chime rism until initiation of NTBC withdrawal after birth (15) .
After transfer of 40 iPS cell-injected, FAHdeficient blastocysts into foster mothers, a total of 24 pups were born. In 8 of these mice, we found that iPS cells contrib uted to the tissues making up the digits (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI43267DS1). To investigate whether the livers of these pups or the 16 neonates with out chimerism in digits (referred to herein as digital chimerism) harbored iPS cell-derived hepatocytes and whether their functional and proliferative capabilities sufficed to restore liver function, we deprived the foster mothers of NTBC by gradually lowering its concentration in the drinking water (15) . In the absence of NTBC from the breast milk, the 6 neonates with high levels of digi tal chimerism continued to thrive, while the remaining 18 neonates lost weight and NTBC treatment had to be reinstated to prevent death ( Figure 1A) . Similarly, pups derived from FAHdeficient blastocysts that were not injected with iPS cells rapidly deteriorated and required rescue from liver failure with NTBC ( Figure 1A) .
iPS cell-derived hepatocytes provide normal liver function. Next, we asked whether NTBCindependent survival from FAH deficiency was due to the presence of iPS cellderived hepatocytes. We found no evidence for Fah gene or protein expression in liver tissue samples obtained from mice with no or low levels of digital chimerism at P28 or P70 (Figure 1 , B-D). This was not due to impaired differentiation of iPS cells, because genomic DNA isolated from the livers of these mice con tained only the knockout Fah allele (data not shown). This shows Figure 1 iPS cell-derived hepatocytes facilitate NTBC-independent growth and survival of FAH-deficient mice. (A) Relative postnatal weight gain in chimeric mice compared with wild-type and FAH-deficient (KO) controls. Chimeric mice were separated into 2 groups, based on high versus no/low contribution of iPS cells to genomic DNA from digits (Supplemental Figure 1) . NTBC withdrawal was initiated on P6. In contrast to KO controls and mice with no/low levels of digital chimerism, mice with high levels of digital chimerism did not require reinstatement of NTBC treatment after P22 for growth and survival. All control mice were on the 129S4 strain background, while both iPS cells and blastocysts were on a mixed 129S4 and C57BL/6 background. C57BL/6 neonates grow faster, which explains the slight difference in weight gain between control and chimeric mice between P6 and P19. (B) Quantitative RT-PCR shows that growth and survival in the absence of NTBC are strictly correlated with Fah expression in the liver. Liver Fah expression is detectable in all mice with a high iPS cell contribution to digits but not in mice with no/low levels of digital chimerism. Fah expression approaches wild-type levels with time off NTBC, increasing from approximately 50% (range, 33%-69%) in mice analyzed at P28 (left red bar) to approximately 80% (range, 76%-78%) in mice analyzed at P70 (right red bar). Maximum Fah expression levels in iPS cell chimeric mice are similar to levels found after approximately 100% liver repopulation in mice generated by injection of normal ES cells into FAH-deficient blastocysts (ESCs). (C-F) FAH immunostaining (red). Representative liver sections show that mice with (C) no or (D) low digital chimerism lack FAH-expressing cells. Livers of mice with high levels of digital chimerism show repopulation with FAH-positive cells, between approximately (E) 50% at P28 and (F) 100% at P70. Nuclei are stained blue. Scale bars: 100 μm. Data represent mean ± SEM. *P < 0.05; **P < 0.005; # P > 0.05.
that iPS cell contribution can vary between individual organs in chimeric mice. In contrast to mice with no or low levels of digital chimerism, mice with high levels of digital chimerism showed vari ous levels of liver repopulation with FAHexpressing hepatocytes, ranging from approximately 50% repopulation at P28 ( Figure 1E ) to approximately 100% repopulation at P70 ( Figure 1F ). The extent of liver repopulation observed in tissue sections correlated with Fah gene expression levels in samples representative of the whole liver. Mice fully repopulated with iPS cell-derived hepatocytes produced approximately 80% of the Fah transcription of wildtype mice ( Figure 1 , B and F). We found similar Fah expression levels in livers of chimeric mice fully repopulated with hepatocytes derived from ES cells, suggesting that iPS cell-derived hepatocytes are fully differentiated ( Figure 1B ).
As direct evidence for the functional capabilities of hepatocytes derived from iPS cells, we found that liver repopulation with these cells led to complete restoration of liver function by P22 ( Figure 2 ). The less than 50% liver repopulation at this time suggested that the functional output and ability to rescue liver function of iPS cell-derived hepatocytes are similar to those of normal hepatocytes. Indeed, despite continued NTBC withdrawal, mice with high levels of digital chimerism grew and had completely normal liver function parameters at P70, when approximately 100% of the hepatocytes were of iPS cell origin (Supplemental Figure 2) . Liver function tests continued to be normal at P300, that is after 10 months of NTBC withdrawal (Supplemental Figure 2) . As additional evidence for normal hepatocyte differentiation, iPS cell-derived hepatocytes normalized plasma amino acid levels (Supplemental Table 1 ) and underwent physiological polyploidization (Supplemental Fig  ure 3 ). In the absence of compensation by non-iPS cell-derived hepatocytes, these results show that iPS cells can give rise to hepatocytes that are fully and stably differentiated.
iPS cell-derived hepatocytes and renal proximal tubular cells replicate the unique proliferative capabilities of their wild-type equivalents. Levels of liver repopulation progressed from predominantly approximately 50% at P28 to invariably approximately 100% at P70 (Figure 1, E and F) . Since we initiated NTBC withdrawal at P6, this finding indicates that the number of iPS cell-derived hepatocytes present at birth was small and that these cells continuously proliferated to form small nodules by P28 and achieve approximately 100% liver repopu lation by P70. Indeed, we found that cells in the periphery of the nodules present in chimeric mice at P28 expressed both the hepa tocytespecific protein FAH and the panproliferation marker Ki67 ( Figure 3A ). Since final hepatocyte number and differentiation are established by P21 in mice, these observations suggest that differ entiated iPS cell-derived hepatocytes responded to FAH deficiency by dividing until all FAH-deficient hepatocytes were replaced (7) .
In addition to hepatocytes, FAH is expressed in proximal tubular cells of the kidney, and its deficiency causes tubulopathy (15) . Cor rection of liver function improves tubular function by restoring liver tyrosine catabolism (19) . Therefore, we analyzed plasma creatinine and urine amino acid levels in the chimeric mice to further define the functional capabilities of iPS cell-derived hepatocytes (for details see Supplemental Methods). Since mild tubulopathy persists in FAH deficiency even after whole organ liver transplantation (19), we were surprised to find not only normal creatinine excretion but also nor mal reabsorption of urine amino acids (Supplemental Figure 4 and Supplemental Table 2 ). Considering that normal proximal tubular cells are positively selected in FAHdeficient kidneys (20) , we asked whether iPS cell-derived proximal tubular cells had regenerated the kidneys of the chimeric mice. Indeed, we found substantial repopu lation with iPS cell-derived proximal tubular cells (Supplemental Figure 4) . Together, these findings suggest that iPS cell-derived renal proximal tubular cells provide therapeutically effective func tion and have the ability to proliferate extensively.
The ability of differentiated hepatocytes or renal proximal tubular cells to proliferate is an important prerequisite for both achieving and sustaining a therapeutic effect with cell therapy. To determine whether differentiated iPS cell-derived hepatocytes are effective in liver regeneration after transplantation, we isolated iPS cell-derived hepatocytes from a chimeric mouse and transplanted 1 × 10 6 of these cells into adult FAHdeficient mice. Similar to normal hepatocytes, iPS cell-derived hepatocytes rapidly repopu lated the livers of these mice so that they became NTBC indepen have values indistinguishable from wild-type mice (including undetectable bilirubin), while the results from mice with no liver chimerism (all mice with no/low levels of digital chimerism) and FAH-deficient mice indicate liver failure. Liver function parameters of the mice with liver chimerism were stable at reanalysis at P70 and P300 (Supplemental Figure 2) . Data represent mean ± SEM. **P < 0.005; # P > 0.05. dent ( Figure 3 , B and C). We then challenged livers constituted of approximately 100% of iPS cell-derived hepatocytes with twothirds partial hepatectomy (21) . Like wildtype mice and chimeric mice operated on at P28 and P70, all mice repopulated with transplanted iPS cell-derived hepatocytes tolerated two thirds partial hepatectomy normally and sur vived longterm (Supplemental Figure 5 and data not shown). Moreover, we found that differentiated iPS cell-derived hepatocytes responded to twothirds partial hepatectomy with the rapid and coordinated cell cycle entry and progression characteristic of normal liver regeneration ( Figure 3, B and C) .
These findings suggested that iPS cellderived hepatocytes can proliferate as rapidly and extensively as normal hepatocytes (22) . As a definitive test, we directly compared the proliferative capabilities of iPS cell-derived hepatocytes with normal hepatocytes by performing a competitive liver repopulation experiment. We mixed an equal number of hepatocytes isolated from a highly repopu lated chimeric mouse and an agematched mouse ubiquitously expressing a βgalac tosidase marker gene (Rosa26; ref. 23 ) and transplanted the cells into FAHdeficient mice. We used FAHdeficient mice that were also immunedeficient to exclude biases potentially caused by the marker gene (24) . Analysis of the number and size of nodules forming in response to NTBC withdrawal in the livers of these mice revealed that iPS cellderived hepatocytes had the same ability to continuously divide as normal hepatocytes ( Figure 3D ). Viewed together, our results establish that fully differentiated iPS cellderived hepatocytes have normal prolifera tive capabilities.
iPS cells differentiate into normal hepatocytes in the absence of cell fusion. Previously, we showed that fusion with wildtype hematopoietic cells corrects the hepatocytes of FAHdeficient mice, leading to therapeutic liver repopulation (25, 26) . A recent study based on analyses in chimeric mice even suggested that hepatocyte fusion contributes to the physiological poly ploidization of the liver (27) . To prove that the FAHexpressing hepatocytes in iPS cell chime ras resulted from direct iPS cell differentiation and not from fusion of iPS cell progeny with blastocystderived hepatocytes, we determined that blastocystspecific markers were absent in the vast majority of hepatocytes isolated from a highly repopulated chimeric mouse ( Figure  4 , A and B, and Supplemental Figure 7 ). These analyses demonstrate that iPS cells free of foreign DNA are intrinsically able to generate fully functional hepatocytes. 
Discussion
In our study, after selective expansion of iPS cell-derived hepatocytes by postnatal NTBC withdrawal, all hepatocytes in the livers of adult chimeric mice were derived from iPS cells. In the absence of poten tial functional compensation by non-iPS cell-derived hepatocytes, our molecular and in vivo analyses established that iPS cell-derived hepatocytes are fully differentiated and that their functional output is equal to that of ES cell-derived or normal hepatocytes. Moreover, challenge by twothirds partial hepatectomy or transplantation into adult FAHdeficient mice off NTBC showed that fibroblast origin and reprogramming did not diminish the regenerative capabilities of iPS cell-derived hepatocytes. The cells both rapidly entered the cell cycle and exhibited the extensive proliferative capabilities of normal differentiated hepatocytes.
The ability of iPS cell-derived proximal tubular cells to repop ulate the kidney and correct tubulopathy extends our findings on the normal functional and proliferative capabilities of dif ferentiated iPS cell progeny to another cell type. Recent studies showed that organ regeneration by proliferation of fully differen tiated cells is not exclusive to the liver or kidney but also occurs in the pancreas (28, 29) and heart (30). Our results suggest that these proliferative capabilities could also be maintained in iPS cell-derived differentiated β cells or cardiomyocytes, which may enhance their therapeutic efficacy.
In conclusion, our results show that iPS cell-derived hepato cytes have normal functional and proliferative capabilities and are thus effective in rapidly and stably regenerating a failing liver. Since we obtained these results with iPS cells that are not subject to biases from viral genomic integration, they suggest that faithful recapitulation of hepatocyte differentiation in human iPS cells free of foreign DNA in vitro will yield an effec tive therapy for human liver diseases.
Methods
Mice. Procedures involving mice were approved by the Institutional Animal Care Committee at the University of California San Francisco. FAHdeficient mice on the 129S4 strain background were previously described (31) . FAH deficient mice on a pure C57BL/6 background were generated by breeding with wildtype C57BL/6 mice (The Jackson Laboratory). These animals were bred with C57BL/6 R26R mice (The Jackson Laboratory) to obtain FAH deficient, R26R homozygous positive males for blastocyst generation. Wild type control mice were derived from the 129S4 ES cells used to generate the original FAHdeficient mice. Thus, all control mice were on the 129S4 strain background, while the blastocysts used for iPS cell injection were F1 of 129S4 and C57BL/6 mice. Foster mothers and vasectomized males were on the ICR strain background (Taconic). Immunedeficient, FAHdeficient mice lacking B, T, and natural killer cells due to disruption of Rag2 and Il2rg were on a mixed 129S4 and C57BL/6 background (24). Rosa26 mice (The Jackson Laboratory) were on a C57BL/6 background (23) .
iPS and ES cell culture. The generation of the iPS cell line 440A3 was previ ously described (14) . The ES cells used for blastocyst injection were derived from blastocysts generated by a C57BL/6 with 129S1 mating. iPS and ES cells were cultured on confluent layers of irradiated primary mouse embry onic fibroblasts in Dulbecco's modified Eagle medium supplemented with 2 mM lglutamine, 1% nonessential amino acids, 100 U/ml penicillin, 100 U/ml streptomycin (all Gibco, Invitrogen), 15% fetal calf serum (Hyclone), 1,000 U/ml leukemia inhibitory factor (ESGRO, Chemicon), and 0.1 mM βmercaptoethanol (SigmaAldrich).
Generation of chimeric embryos. Six to eightweekold FAHdeficient 129S4 females were superovulated by intraperitoneal injection of 10 units of
Figure 4
Differentiation of iPS cells into hepatocytes occurs in the absence of cell fusion. (A) Use of a ubiquitously and conditionally expressed genetic marker to exclude that iPS cells acquire hepatocyte function by fusion with blastocyst-derived hepatocytes. The FAH-deficient blastocysts used for iPS cell injection were also heterozygous for the Rosa26 reporter (R26R; ref. 32) . Therefore, all cells derived from the blastocyst activate R26R (X-gal staining, blue) in response to expression of Cre recombinase. Only cells that developed by direct differentiation of the iPS cells remain unlabeled in chimeric mice. Hepatocytes isolated at approximately 95% purity from a chimeric mouse with approximately 90% liver repopulation (left) and a R26R heterozygous control mouse (right) were infected with a Cre-expressing adenovirus (Supplemental Figure 7) . Activation of R26R in all hepatocytes from the R26R heterozygous mouse, but in less than 10% of the hepatocytes isolated from the chimeric mouse, shows that iPS cell-derived hepatocytes lack R26R and emerged independently of cell fusion. Scale bars: 50 μm. (B) Fusion-independent iPS cell differentiation into hepatocytes was confirmed by semiquantitative PCR analysis of DNA from the isolated hepatocytes for markers specific for the iPS cells (homozygous wildtype for Fah, homozygous negative for R26R and positive for GFP) versus markers specific for the blastocysts (homozygous knockout for Fah, heterozygous for R26R and negative for GFP). Due to the high level of liver repopulation in this chimeric mouse, isolated hepatocytes were predominantly iPS cell derived. A substantial fraction of the cells in the liver are not hepatocytes and are thus not replaced in response to FAH deficiency. As expected, blastocyst contribution to these cell types was maintained in the whole liver sample after NTBC withdrawal. pregnant mare's serum, followed by injection of 10 units of human cho rionic gonadotropin (both SigmaAldrich) 48 hours later. Superovulated females were mated with FAHdeficient C57BL/6 males homozygous posi tive for R26R to generate blastocysts that were FAH deficient and R26R heterozygous and had the same 129S4, C57BL/6 strain background as the iPS cells (14) . At 3.5 days after conception (dpc), females were killed and their oviducts and uteri were flushed with M2 medium to obtain blasto cysts that, prior to iPS cell injection, were incubated in KSOM medium (both EmbryoMax, Chemicon) at 37°C and 5% CO2. Blastocysts were injected with 10 to 15 iPS cells and transferred into the uterine horn of pseudopregnant (2.5 dpc) 6 to 8weekold ICR mice.
Genotyping. The contribution of iPS cell-derived cells to digits and livers was determined using a PCR that simultaneously amplified the wildtype and knockout Fah allele in genomic DNA (31) . In addition, established R26R (32) and GFP (33) PCR protocols were used to distinguish whether cells originated from the R26R heterozygous blastocyst or from the iPS cell line, 440A3, that carries a GFP gene within the 5ʹ untranslated region of Nanog (14) .
NTBC withdrawal. Foster mothers were given NTBC (7.5 mg/ml drinking water) during pregnancy. When the neonates were 6 days old, the concen tration of NTBC was gradually reduced (50%, 25%, 12.5%, and 6.25%) every 2 days before drug treatment was halted. After 8 days of complete NTBC withdrawal, blood plasma was obtained by retroorbital bleeding. Body weights were recorded 0, 13, and 16 days after initiation of NTBC with drawal. Wildtype and FAHdeficient pregnant females and neonates used as controls received the same NTBC treatment regimen. Adult immune deficient, FAHdeficient mice were gradually taken off NTBC for 3 periods of 4 weeks, separated by 5daylong recovery phases on NTBC.
Quantitative reverse transcription PCR. Combining samples from various regions of the liver generated a representative sample. Total RNA was isolated with TRIzol (Molecular Research Center). After DNase1 (Ambion) treatment, 1 μg RNA was used for first strand cDNA synthesis with TaqMan Reverse Transcription Reagent (Applied Biosystems). PCR was performed in a 7300 RealTime PCR System using SYBR Green (both Applied Biosystems) at 50°C for 2 minutes and 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 seconds and 60°C for 1 minute. Fah expression was normalized to that of Gapdh. Primer sequences (forward/reverse) were 5ʹAGGCTTCTGCGA CAATGC3ʹ/5ʹTGCTGCCGAGAAGAGTAGAAG3ʹ for Fah and 5ʹCATG GCCTTCCGTGTTCCT3ʹ/5ʹGCGGCACGTCAGATCCA3ʹ for Gapdh.
Immunostaining. Liver samples were fixed at 4°C in 4% paraformaldehyde or periodatelysine-2% paraformaldehyde (PLP) for 4 hours, cryoprotect ed in 30% sucrose (all SigmaAldrich), and embedded in optimum cut ting temperature compound (TissueTek, Sakura Finetek) (34) . Frozen sections (10 μm) were stained with rabbit antiFAH antibody (gift from Robert Tanguay, Université Laval, Québec City, Québec, Canada) diluted 1:15,000, rat antiBrdU antibody (Abcam) diluted 1:100, mouse antiKi67 antibody (BD Pharmingen) diluted 1:25, or mouse antiphosphorylated histone H3 antibody (Cell Signaling Technology) diluted 1:25. For fluores cence microscopy, primary antibodies were detected with goat antirabbit antibody conjugated with Alexa Fluor 594 or Alexa Fluor 488, goat antirat antibody conjugated with Alexa Fluor 594 (all Molecular Probes), diluted 1:500, and the M.O.M. Fluorescein kit (Vector). Nuclear DNA was stained with 2 μg/ml DAPI (Molecular Probes). For light microscopy, FAH immu nocomplexes were detected with a swine antirabbit antibody conjugated with alkaline phosphatase (Dako) diluted 1:40. Alkaline phosphatase was visualized with Fast Red Substrate System (Dako).
Liver function tests. Plasma was diluted 1:4 in 0.9% sodium chloride and assayed for total bilirubin, albumin, alkaline phosphatase, and alanine aminotransferase with an ADVIA 1800 (Siemens) chemistry analyzer.
Partial hepatectomy. Twothirds of the liver was surgically removed as described previously (21) . One hundred μg/g body weight 5bromo2deoxy uridine (BrdU, Roche) were injected intraperitoneally 40 hours after surgery. Immunostainings for BrdU incorporation and phosphorylation of histone H3 were performed on liver tissue obtained 48 hours after surgery.
Hepatocyte isolation. Hepatocytes were isolated from mouse liver by perfusion through a 24gauge intraportal catheter (Surflo, Terumo) with Earle's Basic Salt Solution (EBSS, Invitrogen) plus 0.5 mM EGTA and 10 mM HEPES (both SigmaAldrich), followed by EBSS plus 0.1 mg/ml Liberase Blendzyme 3 (Roche). Hepatocytes were released from the liver and filtered through a 70μm cell strainer (BD Falcon). Gravity sedimentation on ice for 30 minutes was used to enrich viable hepatocytes to approximately 95%.
Competitive liver repopulation. Hepatocytes were isolated from a highly repopulated chimeric mouse and a Rosa26 mouse, and 5 × 10 5 hepatocytes from each mouse were mixed and injected intrasplenically into immune deficient, FAHdeficient mice. iPS cell-derived and Rosa26 hepatocytes were female, while recipient mice were male. Perioperative antibiotic treat ment was applied as reported (24) .
Adenoviral infection. An adenoviral vector expressing Cre recombinase from the cytomegalovirus promoter was obtained from the Vector Devel opment Laboratory at Baylor College of Medicine, Houston, Texas, USA. Four hours after plating on Primaria dishes (BD Falcon), hepatocytes were incubated with the virus for 1 hour at MOIs of 4, 10, 40, and 100.
X-gal staining. Twentyfour hours after adenoviral infection, hepatocytes were fixed with 0.5% glutaraldehyde (SigmaAldrich). Both plated hepatocytes and PLPfixed liver sections were exposed to 0.8 mg/ml 5bromo4chloro3indolylβdgalactopyranoside (Xgal, SigmaAldrich) for 12 hours at 37°C.
Estimation of hepatocytes per microscopic field. The height and width of a field was measured in pixels using Openlab software (Cellular Imaging). A standard 0.01 mm micrometer (Applied Image Inc.) was used to convert pixels to μm. The number of hepatocytes per field was estimated, assum ing that a mouse hepatocyte measures 20 μm in both height and width.
Calculation of cell numbers and divisions in repopulating nodules. The number of hepatocytes present in the 2dimensional section showing the widest diameter of a repopulating nodule was multiplied by a previously deter mined correction factor to estimate the total number of hepatocytes com prising the 3dimensional nodule (35) . Assuming that all hepatocytes in a nodule contribute equally to its expansion, the number of cell divisions required to reach a certain nodule size was calculated as log2 of the total number of hepatocytes per nodule.
Statistics. All statistical tests were performed with the 2tailed Stu dent's t test.
